Transient response of quasiparticle injected superconducting links by SPRIK, R
Transient response of quasiparticle injected superconduciing links 
R Sprik,a) W. J. Gallagher, S. I. Raider, B. Bumble, and C.-C. Chi 
IBM Research Division, Thomas J. Watson Research Center, Yorktown Heights, New York 10598-0218 
(Received 22 March 1989; accepted for publication 26 May 1989) 
We have fabricated submicron injection-controUed NbN links with gain and measured their 
injection-triggered superconducting-to-normal transition to occur in 0.5-2.6 ns at 4 K, 
governed by condensate dynamics. The transient pulse shape displays a rising-edge kinetic-
inductance spike and a strong dependence on the amplitude of the injected quasiparticle 
current similar to microbridges driven by supercritical currents. A modified dynamic effective-
temperature model is used to interpret the transient time and the pulse shape. 
Out of many proposals I for superconducting devices 
that might serve as alternatives to the Josephson device or as 
analogs of transistors, only one type has been constructed 
and operated in a manner in which a large power gain was 
achieved. This is the injection-controlled link operated in a 
latching mode in which quasiparticle injection through a 
tunnel junction triggers a superconducting-to-normal tran-
sition in a current-carrying superconducting linc. In the first 
demonstration of such a device, Wong et aZ. 2 showed that 1.2 
rnA of quasiparticle current injected at a few millivolts was 
able to trigger the switching of 23 rnA of supercurrent in a 
long line that eventually developed up to a 200 m V voltage 
drop. In fact, voltage gain can be made arbitrarily large by 
increasing device length, but the transition time governed by 
"hot spot" propagation increases proportionally. Intrigued 
by the possibility of large gains, but interested in obtaining 
fast response as wen, we have been investigating submicron 
versions of quasipartide-injection-controlled links. Consid-
erations of superconducting condensation energy relative to 
the power available from joule heating in a link (once in the 
normal state) indicate that sub-l 00 ps switching times might 
be possible in sman devices with optimnm materials. If the 
switching could be governed by direct quasiparticle injec-
tion, there are predictions of even faster responses on a 5 ps 
time scale.3 In this letter we report our experimental results 
on the switching behavior of submicron injection-controlled 
links. We believe this is the first study of the dynamical prop-
erties of this type of device on a subnanosecond time scale. 
Our results show that the main switching behavior occurs on 
a 0.5-2.6 HS time scale and is governed by condensate dy-
namics. Switching time estimates based on steady-state ener-
gy dissipation considerations or on quasiparticle injection 
times are not reliable. 
We fabricated a short injection-controlled NbN link us-
ing the edge structure shown in Fig. 1. The NbN link report-
ed on here is 0.3 p.m in length, 6 11m in width, and = 350 A 
thick and carried a critical current density at 4.2 K of 3 X 105 
A/erne. The quasipartides are injected from the Nb injector 
to the NbN link through a Nb20 S edge junction. The dc 
characteristics of the link show a critical current of "'" 600 
f1.A, which can be suppressed to zero by an injection current 
of l'Hi = 55 p.A. The link has a small hysteretic region; for 
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link currents larger than 500 f1.A, the link will remain normal 
after injection current is removed (i.e., the device is latch-
ing). OUf devices, incorporated in on-chip = 50 n coplanar 
transmission-linc structures, were mounted in a high-speed 
cryogenic probe for measurements with = 70 ps time resolu-
tion using standard sampling scope techniques. 
A schematic timing diagram for the transient measure-
ments is given in Fig. 2. At A the link bias is applied with a 
level such that the link still remains superconducting. When 
a pulse is applied to the injector (B), a voltage starts to devel-
op across the link as it switches to the normal state. Since the 
leading edge of the injector pulse is much steeper than the 
response of the output, the latter is a direct measure of the 
transient time of the device, At C the injector is removed 
and, when the link is operated in the hysteretic region, the 
link remains resistive until the bias is removed (D). Figure 3 
shows an example ofthe observed leading edge ofthe output 
as function of injector current at fixed link bias current. The 
leading edge displays a short spike and then a steady rise over 
0.5-2.6 ns to 80% of the final value. The iinallO-20% of the 
response develops rather slowly over several nanoseconds. 
The short spike is not due to electrical cross talk. It is much 
larger than what can be expected for any electrical induc-
tance in the circuit. Furthermore, it is much smaller when 
the device remains superconducting and shows an abrupt 
increase once the current is sufficient to drive the link nor-
mal. The overall rise time depends strongty on the injector 
current and increases when the sum of the injector current 
and the bias current approaches the critical current of the 
link. 
Microbridges ddven by supercritical cu.rrents display 
similar turn-on characteristics.4 - 8 Both the rise time and the 
initial spike observed in these have been interpreted most 
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FIG. 1. Edge structure llsed for the quasiparticle injected NbN link. 
489 Appl. Phys. Lett. 55 (5), 31 July 1989 0003-6951/89/310489-03$01.00 @ 1989 American Institute of PhYSics 489 
Downloaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
A e C 0 
I I I I I I I I I V I I I I I I BIAS I I I 
I I I 
I I I I 
I J 1 INJECTOR I I I I 
I 
OUTPUT I I i I I 
I I I 
I J--..I 
I RISE TIME I 
TIME 
---
FIG. 2. Schematic trallsient response of the link to a bias current in combi-
nation with an injector current when operated in the hysteretic region. 
simply by Tinkham using a model that combines a time-
dependent Ginzburg-Landau equation with an effective-
temperature description of the quasi particles. 7 This model 
captures the essence of mere elaborate solutions ofthe time-
dependent Ginzburg-Landau equation.5 •H In the following 
discussion we will introduce and extend Tinkham's phenom-
enological model in order to interpret the observed dynamics 
of quasiparticle injected links. The quasiparticle distribution 
is described by an effective temperature T* defined as the 
temperature at which the ReS gap 6,( T*) equals the gap 
caused by the change in quasiparticle density of It is as-
sumed that the quasi-static Ginzburg-Landau equation can 
be applied. The change of leads to a change in the normalized 
effective quasiparticle temperature, a* = (T ITe ~ 1) 
+ t5T*ITc = a + 8a*, and results in an additional time-
dependent term in the Ginzburg-Landau equation. Togeth-
er with the current equation this gives 7 
1 - !// - q2 = - oa* la, ( 1 ) 
J = (3,j312)t/,zq, (2) 
where I/J = 6,/6,(l is the reduced order parameter, q = Qt is 
the reduced condensate momentum (with 5 the Ginzburg-
Landau coherence length and Q the superfluid momentum), 
andJ = I I Ie' the ratio of the driving current to the link criti-
cal current. The change in effective temperature can be ap-
proximated by 7 
~ oa* It. (t I - t) 
--=a r.fU')exp -- dt', 
a . 00 1'E 
(3) 
where a = 21',,/1'£ "",2.41( 1 - T ITc) -1/2, with T" the re-
laxation time of the superconducting gap and ri.; the inelastic 
scattering time of the electrons near the Fermi surface. 
Equation (3) describes the change in T* due to the changing 
order parameter. The change in T>I< is negative for decreasing 
I/J and tends to increase temporarily the supercurrent that 
can be carried by the link. The voltage aeross the link is 
proportional to q. 
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FIG. 3. Observed transient response at 4.2 K for different injection currents 
at a fixed link bias current. 
To include the effect of quasiparticle injection we as-
sume that the time dependence of of due to a quasiparticle 
injection current I inj in a link with a volume Vobeys a simple 
relaxation equation with a relaxation time 1'R • In general, r R 
depends on the relaxation dynamics of the quasiparticles and 
the phonons in the link <) In the numerical calculations dis-
cussed later, we take a lower limit, namely that 7" R is the 
same as the inelastic scattering time r E' Equation (3) and 
the assumption that the quasipartides are injected at an en-
ergy !::. ~ (.l!,;b + .IN;'J',;) lead to an additional term Ginj in 
Eq. (1) of the form 
(4) 
where Ifnj = 2eVN(O)6,/rR is the critical quasiparticle in-
jection current and N( 0) is the single-spin density of states. 
Thus Eq. (0 becomes 
1 - r.f2 - q2 = - 8a*la + Ginj • (5) 
The extra term a inj includes most of the effects anticipated 
for quasiparticle injection. For example, in a steady-state 
situation with negligible bias current, difildt = 0 and the or-
der parameter ('I/?- = 1 - a inj ) reduces and finally vanishes 
as a inj = lin/ I rnj approaches L 
Figure 4 displays the solution ofEqs. (2) and (5) for the 
case of the same total current J = J hins + J inj = 1.1 in the 
link with (solid curve, Ginj = 0,2) and without (dashed 
curve, ain! = 0.0) quasiparticle injection. The inductive 
spike is evident for the duration of the ramp-up time of the 
injection current (0.5 T E)' This is similar to purely supercri-
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FIG. 4. Time-dependent Ginzburg-Landau predictions for (a) the normal-
ized order parameter 1/1 and (b) the voltage V scaled by tile norrm.l state 
voltage Vn as a futlctioll of TIT". The transient time of the injection current 
is 0.5 TIC> T" -::::;T/, and a = 25, and the total maximum current in the pulse 
J c Jo"., + lin, = 0.91 0.2 = 1.1. The solid curve is with injection 
(am; c· 0.2). The dllslied curve is without injection (a i,; = OJ)). For the 
dotted curve am, = 0.2 and J,,,,,, J in, cc= 0.9. 
tical current driven bridges. However, the magnitude of the 
spike is smaller in the case of quasiparticle injection. The 
overall response with quasiparticle injection is much faster 
than without quasiparticle injection, but still slower than r E' 
The response can be accelerated by a higher current in the 
link as is ilhlstrated by the dotted curve in Fig. 4. Additional 
calculations show that the response time slows down when 
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the combination of injected current and quasiparticle den-
sity is dose to the critical conditions in the }ink The abrupt 
change in the calculated results at the critical conditions is 
due to the approximate medel we used for the Ginzburg-
Landau equation. Additional terms make the predictions 
smoother. 5 Furthermore, thermal processes have to be con-
sidered. 2, Ill, II Heating of the injected area due to the growing 
dissipation in the link win speed up the transition. It is also 
the source of the latching behavior of the device. The absence 
of these effects in the model precludes more than a qualita-
tive comparison to the data. 
In conclusion, the measurements and the model indicate 
that the transition time in injection-controlled supercon-
ducting links is limited by condensate dynamics and occurs 
on a time scale several times r E for injection currents close to 
the critical conditions in the link Overdrive will enhance 
speed, but this is at the expense of current gain . 
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